ABSTRACT To avoid the impact of the transient saturation of a current transformer, a fast busbar protection method based on the initial traveling wave integrated active power differential principle is proposed in this paper. The Peterson equivalent model is applied to analyze the initial traveling wave distribution characteristics of the internal and external faults of the busbar. The initial traveling wave active powers of each sampling point on each transmission line connected to the busbar are calculated with the implementation of an S-transform. By introducing the integrated active power actuating quantity and active power braking quantity, a protection criterion with a characteristic braking ratio is proposed. The theoretical analysis and experimental simulation results show that the protection performance is sensitive and reliable, with a quick response and simple criterion, and is essentially not susceptible to the impacts of the initial fault angle, fault type, and fault resistance.
I. INTRODUCTION
Busbar protection plays an important role in power systems. When busbar failures occur, they will inevitably affect the stable operation of the power system if not addressed in time and can even cause a regional power system collapse. To prevent these serious consequences caused by a busbar fault, special busbar protection should be set up to interrupt the short circuit current of the fault busbar both in a timely manner and correctly, creating higher requirements for the performance of the busbar protection [1] - [3] .
Busbar protection can be divided into power frequency protection and transient protection according to the operation principle. Current differential protection is the most widely used power frequency protection, but it may be misjudged because of CT (current transformer) error or CT saturation [4] - [6] . To solve the problem of the weak anti-CT saturation ability of traditional power frequency busbar protection, a digital differential busbar protection scheme based
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on the generalized alpha plane method was proposed in [7] . The algorithm maps a period of the CT secondary current signal to the alpha plane for fault area identification, which can effectively avoid the traditional protection problem of lacking anti-saturation of the CT. However, to satisfy the reliability of protection, the filtering process is added, and it increases the time of protection action. Reference [8] proposes a busbar differential protection principle with adaptive characteristics and achieves adaptive characteristics by using the alienation protection principle and the differential protection principle. Although the latter principle has a better performance than that of traditional differential protection, it increases the fault diagnosis time when CT saturation occurs. Even though the above literature solves the traditional differential protection's problem of insufficient CT saturation resistance, the speed of protection operation in an ultrahigh voltage (UHV) power grid is slightly insufficient.
Although traditional transient protection can achieve highspeed operation, its stability still needs to be improved. A low-impedance busbar protection method based on a wavelet transform has been proposed in the literature [9] .
Although the 87BW function can improve the speed of busbar protection and has better CT saturation resistance, the performance of the protection algorithm has only been verified under the condition of a 50-dB signal-to-noise ratio. Although many simulations have been performed, the performance of the protection algorithm under the condition of a lower signal-to-noise ratio has not been verified. The 87BW function may not work properly when the fault causes transient overdamping. Reference [10] defined the transient traveling wave power. A wavelet transform was then used to identify and compare the direction of the transient traveling wave power of each line. According to the direction characteristics of the traveling wave power of all lines during a fault, the internal and external faults of the busbars can be distinguished. However, the principle is greatly affected by the initial small angle of the fault. In [11] , a busbar fault area identification method based on a polarity comparison of a superimposed current was proposed. However, strict filtering measures are needed to filter fault transient high frequency signals, and the filtering delay reduces the operation speed of the protection. Reference [12] used the same magnitude and negative polarity of the measured impedance of each circuit in the busbar area when a fault occurs and opposite polarity of the impedance of the faulty line and the non-faulty line to distinguish between a fault inside and outside of the busbar area. However, only using the traveling wave head information results in the reliability of the criterion being insufficient. To improve the reliability of transient protection, [13] proposed performing a Hilbert-Huang transform (HHT) of the fault traveling wave. The amplitude of the fault traveling wave was then selected for integration. Finally, the integral value was compared with the threshold value to judge the busbar fault area. Reference [14] studied the characteristics of the voltage direction traveling wave of the connecting line when internal and external faults of the busbar occurred and then integrated the corresponding forward and reverse traveling wave, constructing the busbar fault identification criterion by using the ratio of the integral value. However, the protection performance was not analyzed or verified when the sampling value was lost. Reference [15] used a support vector machine (SVM) and an S-transform to identify the fault area and achieved a good fault classification accuracy under the condition of system parameters diversification. Reference [16] proposed a busbar protection scheme based on a relevant vector machine (RVM), which reduces the relevant parameters and kernel functions in calculations based on a traditional SVM. However, due to the mutation of the kernel function, the probability predictions of busbar protection schemes based on SVM are not reliable.
In a busbar protection scheme, the use of a single electrical quantity, such as voltage or current, offers less information content and has greater limitations because both the voltage and current of the interconnected lines will change when a busbar fails inside and outside the busbar area. Therefore, using both the voltage and current to distinguish the busbar fault area results in more information content, which is conducive to reflecting the busbar operation condition more comprehensively. Traditional traveling wave protection schemes only use traveling wave head information. When the amplitude of the traveling wave head is small or the sampled data are lost, the reliability of the protection algorithm is greatly affected, and a misjudgment may occur in serious cases. To overcome the problems of an insufficient CT saturation resistance, as well as the speed and reliability of traditional busbar protection, this paper draws on the conclusions of [17] regarding the distribution characteristics of the initial traveling wave power of transmission lines and the research results of [18] regarding the principle of differential busbar protection based on the current traveling wave; this paper proposes constructing a proportional braking characteristic by using the active power of the initial traveling wave, which is a new principle of busbar differential protection. In [17] , [18] , only the traveling wave head is used to calculate the initial traveling wave power. To avoid a misjudgment caused by the loss of data at the sampling point, the new principle performs an S-transform on the fault traveling wave, calculates the initial traveling wave power of 20 sampling points in each connected branch of the busbar after the fault, and defines the positive and negative power according to the polarity of the current traveling wave. Based on the principle of the current traveling wave differential busbar protection in [18] , the integrated active power action and braking amount are defined. When an internal busbar fault occurs, the integrated active powers of the initial traveling waves near the busbar terminal of each interconnected line are almost the same, and the action is much larger than the brake. When an external busbar fault occurs, the integrated active power of the initial traveling wave near the busbar terminal of the faulty line is opposite to the polarity of the integrated active power of the initial traveling wave of the non-faulty line, so the brake amount is much greater than the action amount. By comparing the characteristic relationship between action and braking, a new principle of busbar protection with a characteristic braking ratio that can clearly distinguish between internal and external busbar faults is established.
The new principle avoids the possible misjudgment caused by the loss of the traveling wave head in traditional traveling wave protection. Compared with traditional power frequency relay protection, there is no CT saturation or misjudgment, and the operation speed is faster. At the same time, the power information of 20 sampling points is used to make the criterion reliably identify the fault area when the initial angle of a small fault occurs. Compared with traditional traveling wave protection, this algorithm combines the active power and braking ratio characteristics. It has a higher sensitivity and reliability than those of the traditional traveling wave protection, which only uses the current polarity or the magnitude as the criterion. The S-transform can also filter the traveling wave signal to a certain extent and has a certain anti-noise ability. The theoretical analysis and experimental simulation results show that the algorithm can identify internal and external faults of busbars sensitively and reliably under various operating conditions.
The remainder of this paper is organized as follows: the second section introduces the concept of the initial traveling wave power, the third section calculates the active power of the initial traveling wave based on the S-transform, the fourth section introduces the braking busbar protection algorithm of the active power ratio of the initial traveling wave synthesis, the fifth section verifies the feasibility of the algorithm via simulations, and the sixth section analyzes the performance of the protection algorithm. Finally, the article is summarized. Fig. 1 shows a 500-kV substation busbar. L 1 -L 5 are the five transmission lines connected to busbar M; IED1 -IED5 are the traveling wave protection units installed on the corresponding lines near busbar M. When a fault occurs at F 2 on L 2 , the travelling wave propagates along the transmission line from the fault point to both sides, and catadioptric reflection occurs at the discontinuities of wave impedance. For any point on the transmission line whose distance from the fault point is x, the transient voltage and current of the point can be derived as follows [15] :
II. ANALYSIS OF INITIAL FAULT TRAVELING WAVE POWER

A. INITIAL TRAVELING WAVE PROPAGATION MODE
where t is the observing time, v is defined as the propagation velocity of the traveling wave, L and C are the inductance and capacitance per unit length of the transmission line, respectively, and u + ( u − ) and i + ( i − ) are the voltage and current of the forward (backward) traveling wave propagating along the forward (backward) direction of x, respectively. The traveling wave is obtained by using the high-frequency signal transmission capability of the current transformer. A high-speed analog-to-digital(A/D) acquisition system is applied to record the transient traveling wave signal generated by the fault, and an S-transform is implemented to process the signal. The traveling wave head is found, and the data at the corresponding frequency are obtained within the required data windows [18] . According to the traveling wave propagation theory, assume t 0 is the moment when the initial traveling wave arrives at busbar M for the first time and t 1 is the time when catadioptric reflection occurs as the traveling wave reaches busbar M for the second time. Therefore, between t 0 and t 1 , the fault traveling wave obtained from the protection units IEDk (k= 1, 2, 3, 4, 5) of each transmission line connected to the busbar are called the initial voltage traveling wave and the initial current traveling wave, u M is the initial voltage traveling wave of busbar M, and i k (k = 1, 2, 3, 4, 5) is the current traveling wave measured by each transmission line of the busbar. The characteristics of the traveling wave can be analyzed according to the Peterson Principle [16] .
The polarity of the current flowing into the busbar is set to be positive, and the polarity of the current flowing out is set to be negative [9] , [10] . Positive power and negative power can be defined according to the current polarity of each transmission line connected to the busbar. When the traveling wave frequency f ranges from 50 kHz to 100 kHz with the implementation of an S-transform, the wave impedance of the UHV transmission line approximates a real constant, which is equivalent to the resistance in the Peterson equivalent circuit [16] . The busbar-to-ground equivalent capacitance impedance Z cm =1/jωC m = 1/j2πf C m , which is an imaginary number (f is the corresponding traveling wave frequency).
According to the definition of the initial traveling wave complex power [16] , and taking line L 1 as an example, the initial traveling wave complex power of the transmission line VOLUME 7, 2019 near the terminal of busbar M can be deduced:
According to the Peterson equivalent circuit shown in Fig. 2 , when an internal fault occurs at F 1 on the busbar, formulation (3) can be deduced:
Since the transmission line wave impedance is approximately equal to a constant, which is equivalent to the resistance in the equivalent circuit [2] , we can deduce the complex power measured by the IED1 protection unit at the M terminal of L 1 :
In the equation, P 1 is the initial transmission line traveling wave active power; and Q 1 is the initial transmission line traveling wave reactive power. When an internal fault occurs on the busbar:
The initial traveling wave active power measured by the M terminal protection units of the other transmission lines connected to the busbar can be derived in a similar manner. A concrete distribution is shown in Table 1 . Ideally, the impedances of each transmission line Z i (i = 1, 2, 3, 4, 5) are approximately equal when an internal fault occurs on the busbar. Therefore, from Table 1 we know that the active powers of the initial traveling waves measured by all the transmission lines connected to the busbar are almost equal, namely, P 1 ≈ P 2 ≈ P 3 ≈ P 4 ≈ P 5 , all of which are greater than 0.
C. DISTRIBUTION OF THE INITIAL TRAVELING WAVE POWER WHEN AN EXTERNAL FAULT OCCURS ON BUSBAR M: FUNDAMENTAL PRINCIPLES OF S-TRANSFORM
When a fault occurs at F 2 on L 2 , the Peterson equivalent circuit of busbar M is as shown in Fig. 3 .
From Fig. 3 , we can observe that the following holds: The complex power of the L 2 fault line measured by the protection unit IED2 near the busbar M terminal can be deduced:
That is, when an external fault occurs on the busbar, the initial traveling wave active power of the faulty transmission line can be deduced.
For the non-fault transmission line connected to busbar M (take L 3 in Fig. 3 as an example), it can be deduced that:
The complex power measured by protection unit IED3 at terminal M of L 3 can be deduced. 3 (10)
The initial traveling wave active power measured by the M terminal protection units of the other transmission lines connected to the busbar can be derived in a similar manner. A concrete distribution is shown in Table 2 . It can be seen from Table 1 that, under ideal conditions, when an internal fault occurs on the busbar, the initial traveling wave active powers measured from all the transmission lines connected to the busbar are approximately equal in value. That is, P 1 ≈ P 2 ≈ P 3 ≈ P 4 ≈ P 5 > 0. It can be seen from Table 2 that the active powers of the initial traveling waves near the busbar terminal of all non-fault transmission lines are essentially equal when a fault occurs on the external line L 2 of the busbar, namely, P 1 ≈ P 3 ≈ P 4 ≈ P 5 > 0. The relationship is satisfied under ideal conditions:
−P 2 ≈ P 1 + P 3 + P 4 + P 5 . The initial traveling wave active power of the fault line is then less than zero.
By analyzing the distribution characteristics of the initial traveling wave active power to detect the internal and external faults that occurred on the busbar, we can define the active power actuating quantity as:
We can also define the active power braking quantity as:
When an internal fault occurs at F on the busbar, the actuat-
P i is the sum of the active powers of each transmission line connected to the busbar. The value of P D is relatively large, and the braking amount P Z ≈ 0. When an external fault occurs at F 2 on L 2 , under ideal conditions, −P 2 ≈ P 1 + P 3 + P 4 + P 5 . Therefore, the actuating quantity
P i ≈ 0, and the braking quantity
III. CALCULATION OF THE INITIAL TRAVELING WAVE ACTIVE POWER WITH THE IMPLEMENTATION OF THE S-TRANSFORM A. FUNDAMENTAL PRINCIPLES OF THE S-TRANSFORM INITIAL TRAVELING WAVE INTEGRATED ACTIVE POWER
The S-transform is a reversible localized time-frequency analysis method that avoids the selection of a window function and improves the defect of a fixed window width. Additionally, the feature amount extracted by the S-transform is insensitive to noise [16] . Assuming the continuous time signal is h(t), the continuous S-transform S(τ, f ) of h(t) can be defined as follows:
In the equation, τ is the parameter that controls the position of the Gaussian window on the time-axis, f is the continuous frequency, t is time, f is the imaginary unit, σ = 1 |f |, and g(τ − t, f ) is a Gaussian window susceptible to changes in the frequencies.
is a sampled discrete-time sequence of signal h(t), T is the sampling interval, and N is the sampling points. Then, the discrete Fourier transform of h[kT ] can be derived:
where
Additionally, the discrete S-transform of signal i 2 can be derived:
With the implementation of the S-transform, a complex matrix of h(t) is obtained. The matrix reflects the time and frequency characteristics of the signal and the amplitude information of the travelling wave in the time domain.
B. CALCULATION OF THE ACTIVE POWER OF THE INITIAL TRAVELING WAVE
For a three-phase electric power system, there are couplings between each phase voltage and each phase current. Generally, the decoupling process is achieved with the implementation of a phase-mode transformation. In this paper, a phase mode transformation is conducted by using the composite modulus method to respond to various types of faults [18] :
Among them, u α and i 2 are the decoupled voltage and current traveling wave alpha linear mode components, and u β and i β are the decoupled voltage and current traveling wave beta linear mode components. In this paper, using the method proposed in [19] , [20] , a discrete S-transform is performed on the transformed combined modulus fault voltage and the current traveling wave modulus. Phasors of the 20 sample points are then extracted from the single-frequency initial traveling wave.
Take the composite modulus current i 2 obtained by protection unit IED2 after a three-phase short circuit occurs at point F 2 on line L 2 as an example. A one-dimensional complex vector [19] , [20] obtained from the given frequency f z can be deduced with the implementation of a discrete S-transform according to the S-transform principle mentioned above:
I 2·n (t n , f z ) and θ 2gn (t n , f z ) are the amplitude and phasor of İ 2g1 (t 1 , f z ), respectively; n represents the nth sampling point; and t n represents the sampling moment of the nth sampling point.
After a fault occurs, the transient traveling wave progresses for a period of time, reaches busbar M and then propagates along the transmission lines connected to the busbar. The initial traveling wave is captured by protection unit IED2 located on L 2 connected to busbar M. At t 1 , the corresponding time of the maximum magnitude is I 2·1 , so İ 2·1 (t 1 , f z ) obtained at specific frequency f z at t 1 is the initial current traveling wave peak phasor [19] , [20] . Likewise, U M·1 (t 1 , f z ) is the initial voltage traveling wave peak phasor measured from busbar M at t 1 . Thus, the peak phasors of the 20 sampling points from the initial current travelling wave at the specific frequency f z of other nonfault transmission lines connected to the busbar can be derived as Table 3 , with the specific S-transform single frequency and using the peak phasors of the sampling points of the initial travelling wave derived above, the active power of the 20 sampling points of the initial traveling wave of each transmission line connected to busbar M can be derived. As shown in Table 4 , taking the external fault occurring on L 2 as an example, the active power of the sampling points of each transmission line connected to busbar M can be derived. 
IV. INITIAL TRAVELING WAVE ACTIVE POWER DIFFERENTIAL BUSBAR PROTECTION ALGORITHM A. INITIAL TRAVELING WAVE INTEGRATED ACTIVE POWER
Based on the analysis of (12) and (13), the busbar protection criterion can be formulated by comparing the initial traveling wave active power actuating quantity and the braking quantity measured from the transmission line near the busbar terminal. However, during actual operation, the accuracy may be affected by factors such as the traveling wave data loss and noise. To promote reliability of the protection, this paper obtains information at the 20 sampling points from the initial traveling wave in a time window of 0.1 ms with the occurrence of faults. The sum of the initial traveling wave active power at the 20 sampling points is defined as the initial traveling wave integrated active power.
Taking the bus system of Fig. 1 as an example, set the active powers of the initial traveling wave measured by protection units IED1∼IED5 of each transmission line as P 1·n P 5·n (n = 1, 2, · · ·20). The integrated active power is then defined as: (20) where P ci is the initial traveling wave integrated active power of the i th (i = 1, 2, 3, 4, 5) associated branch, and the initial traveling wave integrated active power corresponding to the bus associated lines L 1 to L 5 is P c1 ∼ P c5 . According to the active power calculation formula of each sampling point in Table 3 and Table 4 , it can be known that when an internal busbar fault occurs:
when an external busbar fault occurs (taking the L 2 transmission line as an example):
On the basis of the analysis above, the integrated active power action quantity can be derived as follows: (23) And the integrated active power braking quantity can be derived as:
According to (22) and (23), and analyzing the internal and external busbar fault characteristics, the following hold: 1) When an external fault occurs, P c1 ≈ P c2 ≈ P c3 ≈ P c4 ≈ P c5 . The integrated active power actuating quantity is:
The integrated active power braking quantity is:
2) When an external fault occurs, taking the fault occurring on L 2 as an example,
The integrated active power actuating quantity is P cd =
Based on the above analysis, by analyzing the initial traveling wave integrated active power actuating quantity and the integrated active power braking quantity measured from the transmission lines connected to the busbar, the protection criterion can be formulated. Taking the busbar system in Fig. 1 as an example, the initial traveling wave active powers measured by the protection units IED1-IED5 of the transmission lines are P c1 ∼ P c5 , and the integrated active power actuating quantity P cd and the integrated active power braking quantity P cz are respectively
The ratio of P cd to P cz is defined as:
When internal and external faults occur on the busbar, the relationships of the ratio λ are as follows: 1) When an internal fault occurs on the busbar, the integrated active power actuating quantity P cd is relatively large, the value of the integrated active power braking quantity P cz is relatively small, and λ > 1 can be met. 2) When an external fault occurs on the busbar, the value of the integrated active power actuating quantity P cd is relatively small while the value of the braking quantity P cz is relatively large, and λ < 1 can be met. The initial travelling wave integrated power ratio differential criterion of the busbar protection is:
where K is the threshold value. A theoretical analysis and a large number of simulation results show that when K = 4, all the requirements of the busbar fault diagnosis can be met. When the measured ratio λ satisfies (27), it can be concluded that an internal fault occurred on the busbar. Otherwise, it can be concluded to be an external busbar fault.
Regarding for the initial travelling wave integrated active power differential busbar protection scheme proposed in this paper, the magnitude of the integrated active power actuating quantity and the integrated active power braking quantity are relatively large, the difference between them is obvious and the protection can provide quick response.
C. SETTING THE THRESHOLD K
The threshold K must be set to make the protection criterion of the busbar reliable and sensitive under various fault conditions, as the value of the fault is mainly susceptible to loss of the sampled data.
1) When an internal busbar fault occurs, the integrated active power of each associated line is greater than zero. Taking L 4 as an example, P c4 > 0, and the value of P c4 decreases due to data loss from one or more of the sampling points of the line. Consider the most extreme case; that is, the data from the sampling points of L 4 are all lost. In this situation P c4 = 0. Thus, according to (23) and (24), (28) and (29) can be deduced:
And
That is, when an internal busbar fault occurs, the data from the sampling points of one associated transmission line are lost, and the ratio is λ ≥ 4.
2) When an external busbar fault occurs, the integrated active power of the faulty line is less than 0, and the integrated active power of the nonfaulty line is greater than 0. Taking the L 4 line fault and the L 4 line data loss as an example, P c4 < 0, and P c4 increases with increased data loss from the sampling points of the transmission line. Consider the most extreme case; that is, all the data from the sampling points of L 4 are lost. In this situation, P c4 = 0. According to the derivation of equations (23) and (24), (30) and (31) can be obtained:
And:
That is, when an external busbar fault occurs, the data of the sampling points of one associated transmission line are lost, and the ratio is λ ≤ 4.
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3) When an external busbar fault occurs, taking a fault occurring on L 4 and the data loss occurring on the nonfault transmission line L 2 as an example, P c4 < 0 and P c2 > 0. When the data from the sampling points of L 2 are lost, P c4 will remain unchanged and P c2 will decrease, but P c2 ≥ 0 regardless of how much data from L 2 are lost. Consider the most extreme case; that is, the data from the sampling points are completely lost. At this time, P c4 < 0, P c2 = 0, and the active power measured at this time satisfies the following equation:
where P * c2 is the integrated active power of L 2 without data loss.
Therefore, when a fault occurs on L 4 , all the data of the sampling points of the nonfault line L 2 are lost, and according to the derivation of formulas (23), (24) and (32), (33) and (34) can be obtained:
That is, when the data from the sampling points of the nonfaulty line are lost due to the occurrence of an external busbar fault, the ratio is λ ≤ 1/5.
Based on the above analysis, it can be concluded that during actual operation, there is no case of a loss of all the sampling points of one transmission line or a large number of sampling points of multiple lines. Therefore, according to analysis equations (28) through (34), it can be concluded that in general, when an internal busbar fault occurs, λ > 4, and when an external busbar fault occurs, λ < 4. Therefore, K=4 is chosen. Several simulation experiments will be conducted later to verify the rationality of the threshold selection.
D. PROTECTION ALGORITHM IMPLEMENTATION
An S-transform is implemented on the initial voltage traveling waves and the initial current traveling waves obtained from the protected lines connected to the busbar, and the initial traveling wave integrated active power is calculated by choosing the initial fault traveling wave with a single frequency of 60 kHz after implementing the S-transform. On this basis, internal and external fault identification can be achieved by comparing the relationship between the ratio λ of the integrated active power actuating quantity to the integrated active power and the reliability coefficient K. The protection algorithm flow diagram is shown in Fig. 4 . Considering that the frequency range of the fault traveling wave transient quantity is 5∼100 kHz, and according to Shannon's theorem, it can be concluded that when the sampling frequency is more than twice the highest frequency of the signal, the digital signal after sampling can completely retain the information of the original signal. In general, the sampling frequency is guaranteed to be 2.56 to 4 times the highest frequency of the signal, so it is more suitable to sample the fault signal at 200 kHz [21] . With the progression of science and technology, the development of ultra-high-speed protection has become increasingly mature. A photoelectric transformer has good dynamic response characteristics and is an ideal fault transient signal transmission path. The transmission signal of optical fiber communication has little loss, a large capacity and a high speed, which can provide more abundant fault information and an excellent transmission channel for ultra-high speed protection. The application of a GPS can provide precise time information for ultra-highspeed protection (the accuracy is up to 1 ugs) and make the performance test of the protection device more convenient and faster. With the increasing performance of hardware such as the DSP high-speed acquisition board, it is possible to implement ultra-high-speed protection devices. New digital signal processing methods, such as the S-transform, which are suitable for fault transient signal analysis, can be used to achieve a fast protection algorithm for effectively extracting fault information.
The protection scheme proposed in this paper mainly includes three parts: traveling wave signal extraction, feature analysis and algorithm implementation. In terms of traveling wave signal extraction, conventional current transformers can effectively transfer transient current signals with frequencies up to 500 kHz. Because traditional capacitive voltage transformers cannot effectively transfer the transient high frequency signal, an optical voltage transformer (OVT) or electronic voltage transformer (EVT) is used to extract the high frequency voltage signal. Because the fault transient traveling wave is a typical nonstationary signal with a sudden change that only exists for a few milliseconds after the fault, the selection of the S-transform can extract and analyze the fault information in the traveling wave signal quickly and accurately. At the same time, based on the fast digital signal processing (DSP) chip, the algorithm correlation operation can be completed quickly. Therefore, this algorithm can be applied in practical engineering and can better achieve the identification of busbar fault area.
V. SIMULATION EXAMPLE
As shown in Fig. 1 , the 500-kV busbar system simulation model is created using the PSCAD/EMTDC electromagnetic transient simulation software package.
The busbar adopts LGJQT-1400 special light steel core aluminum stranded wire [17] , and the transmission lines adopt the structural parameters of a 500-kV transmission line from Pingdingshan to Wuhan in the central China Power Grid Power Grid [14] (the wire adopts an LGJQ-300 × 4 foursplit wire, where the single wire resistance is 0.108 /km). The lengths of the L 1 -L 5 lines are 200 km, 300 km, 250 km, 130 km and 180 km, respectively.
The busbar stray capacitance is set as C m = 0.01µF, and the sampling frequency as 200 kHz. The initial traveling wave signal is chosen to correspond to 60 kHz after the S-transform is implemented to calculate the active power of the traveling wave with a data window consisting of data 0.1 ms after the fault occurs.
To verify the performance of the busbar protection algorithm based on the traveling wave power proposed in this paper, it is necessary to consider various fault conditions that may occur during the actual operation of the busbar. Therefore, the paper selects different initial fault angles (5 • ∼100 • ), different fault resistances (0-800 ) and different fault types to simulate the internal and external busbar faults. The simulation results are analyzed to verify the accuracy and reliability of the algorithm.
A. EXTERNAL BUSBAR FAULT
Assuming a B-phase grounded fault occurs at F 2 on L 2 with a distance of 80 km from busbar M, the initial fault angle is 45 • , and the fault resistance is 100 . The initial travelling wave near the busbar terminal of the transmission lines connected to the busbar and the active power corresponding to the single-frequency fault travelling wave at 60 kHz with the implementation of the S-transform are selected. Fig. 5 shows the waveforms of the fault phase and the nonfault phase. According to the previous analysis, the single-frequency initial traveling wave active power corresponding to 20 sampling points within 0.1 ms after the fault is calculated, and then the integrated active power of each associated line is further calculated:
− min (P c1 , P c2 , P c3 , P c4 , P c5 )]| = 6.09 × 10 3 kW Therefore,
Criteria (27) cannot be met; thus, we can conclude that an external fault occurred on the busbar, and the protection is inoperative. To fully verify the effectiveness of the algorithm, several simulations were conducted in this paper. Tables 5-7 report the simulation-based verification results for different cases when an external fault occurs on the busbar. Table 5 reports the simulation results under different initial fault angles for external busbar faults. The initial fault angles range from 5 • to 100 • . AB phase-to-ground short circuit occurs on L 2 at a distance of 80 km from busbar M and an AB-phase phase-to-ground short circuit occurs on L 4 at a distance of 50 km from busbar M. Table 5 indicates that when an external busbar fault occurs, with an increase in the initial fault angle, the integrated active power action P cd and the braking capacity P cz will change, but the maximum value is only 0.81. Therefore, the action P cd is always far less than the braking capacity P cz , the ratio λ is far less than the threshold value K, and the simulation results do not meet criterion (27). Thus, we can arrive at the conclusion that an external fault occurred. Table 6 reports the test results of the protection algorithm under different transitional resistances in the case of external busbar faults. The transitional resistances range from 0 to 800 . When the initial fault angle is 45 • , a BC phaseto-ground short circuit occurs on L 2 at a distance of 100 km from busbar M. With increased transitional resistance, both P cd and P cz increase. P cd is always less than P cz , the ratio λ 70504 VOLUME 7, 2019 is less than the threshold K, and the protection criterion (27) is not satisfied, so we can arrive at the conclusion that an external fault occurred. When the initial fault angle is 60 degrees, an A phase-to-ground short circuit occurs on L 4 at a distance of 10 km from busbar M. When the transitional resistance changes, both P cd and P cz decrease, and P cd is always less than P cz . The ratio λ is not susceptible to the transitional resistance, and it does not satisfy criterion (27). Thus, we can arrive at the conclusion that an external fault occurred. In conclusion, the algorithm is not affected by the transitional resistance. Table 7 presents the test results of the protection algorithm under different fault types when external busbar faults occur. A fault is set to occur on L 2 at a distance of 20 km from busbar M, where the transitional resistance is 80 , initial angle fault is 45 • . A fault is set to occur on L 4 at a distance of 120 km from busbar M, where the transitional resistance is 150 , and the initial fault angle is 60 • . it can be concluded from the test results that P cd and P cz are greatly affected by the change in the fault types for different fault types and locations, but P cd is always far less than the braking quantity P cz , and λ remains essentially unchanged, which does not meet criterion (27). Thus, we can arrive at the conclusion that an external fault occurred.
Based upon the analysis above, when an external fault occurs, the polarity of the initial current travelling wave near the busbar terminal of the fault lines is opposite to that of the non-fault lines, and −P 2 ≈ P 1 + P 3 + P 4 + P 5 under ideal conditions (taking the fault that occurred on L 2 as an example). However, the actual operation is susceptible to noises, calculation errors and other factors, thus the integrated active power actuating quantity P cz is not zero but a small value. However, as the braking quantity P cz is relatively large, reliable braking still can be achieved. Thus, the criterion is not susceptible to the influence of the initial fault angle, fault resistance and fault types, and the internal and external faults under various circumstances can be identified accurately. The experimental results are consistent with the theoretical analysis.
B. INTERNAL BUSBAR FAULT ANALYSIS OF THE IMPACT OF DATA LOSS
Assume that a three-phase short circuit occurs at F 1 on busbar M. The initial fault angle is 60 • and the fault resistance is 200 . Fig. 6 shows the faulted travelling wave waveform and power waveform. According to the analysis above, the initial single frequency travelling wave active power corresponding to each sampling point can be calculated, thus the integrated active power can be deduced:
1.79 × 10 6 kW 4.00 × 10 −6 kW = 4.48 × 10 9 >> K Criterion (27) can be met, and it can be ascertained that an internal busbar fault occurred, and the protection operates. Tables 8-10 report the results of simulation-based verification of the protection in different cases when an internal busbar fault occurs. As shown by the analysis, when an internal fault occurs on the busbar, the integrated active powers of the correlated transmission lines are essentially the same, so the value of P cd is relatively large, the value of P cz is approximately 0, and the ratio λ K . Table 8 validates the reliability of the protection algorithm for a busbar single phase-to-ground faults at different initial angles. The transitional resistances are 300 and 100 , respectively. The initial fault angles range from 5 • to 100 • . The simulation results in Table 8 show that when the initial fault angle changes, P cd will also change, but the amplitude of the change is not very large. At this time, P cz is always approximately 0, the momentum of action P cd is far greater than the braking amount P cz , and λ always meets the criterion (27). Thus, we can arrive at the conclusion that an internal fault occurred. Table 9 reports the simulation results when a single phaseto-ground fault occurs within the busbar under different transitional resistances. The transitional resistance ranges from 0 to 800 , and the initial fault angle is 45 • . With increasing transitional resistance, both P cd and P cz decrease gradually, but the value of P cz is always approximately zero. The action amount P cd is still much greater than the braking amount P cz , and the ratio λ changes slightly. All of them meet criterion (27). Thus, we can arrive at the conclusion that an internal fault occurred. Table 10 verifies the influence of different fault types on the protection algorithm when an internal fault occurs. The transitional resistance of busbar M is set to be 200 , and the initial fault angle is 60 degrees. The simulation results show that P cd and P cz are greatly affected by the fault types, but no matter how the fault type changes, P cd is always much greater than P cz , so λ >> K , and the ratio λ can reliably meet criterion (27). Thus, we can arrive at the conclusion that an internal fault occurred.
The above simulation analysis shows that the busbar protection scheme based on the comparison of the initial travelling wave active powers can identify internal and external busbar faults accurately within several milliseconds after a fault occurs, and the protection is quick in response, especially when an internal fault occurs on the busbar, where the integrated active power braking quantity P cz is approximately equal to zero, and the criterion can identify the busbar fault in a sensitive and reliable manner. The protection method is essentially not susceptible to initial fault angles, fault resistances or fault types and only needs to acquire information of the initial travelling wave active power of the correlated transmission lines. Additionally, only a small amount of information is needed.
VI. ANALYSIS OF PROTECTION CRITERIA PERFORMANCE
Busbar protection based on the principle of the sampling value differential of power frequency has a large root mean square (RMS) or average value when it encounters a large interference pulse and produces bad individual data. It is also easy to cause protection malfunctions [22] .
Traditional traveling wave protection has a fast speed and good CT saturation resistance, but there are always reliability problems. One of the main reasons for this deficiency is that when a small initial angle fault or a large transition resistance fault occurs, the transient traveling wave signal generated is relatively weak, and the reliability and sensitivity of the protection are greatly reduced by using only the head information of the initial traveling wave. For busbar protection criterion [13] , [19] , which is only based on the traveling wave peak information, a loss of peak information may occur, and then the protection criterion will be invalid. To overcome the shortcomings of traditional busbar protection, a new algorithm of the traveling wave power type ratio braking busbar protection is proposed in this paper. The algorithm defines the concept of the integrated traveling wave active power. The active power from 20 sampling points within 0.1 ms after fault are summed and calculated. On this basis, the braking amount and action amount are further given, and the ratio braking criterion is established. The sensitivity and reliability of the busbar protection criterion are improved by using the traveling wave active power and ratio braking principle, and the influence of the loss of the traveling wave head information is avoided. To a certain extent, the influence of the loss of sampling data and the weak traveling wave signal is reduced.
A. ANALYSIS OF THE IMPACT OF DATA LOSS
The risk of data loss begins when the busbar traveling wave protection is under operating conditions. To verify the algorithm performance in this case, the initial current traveling wave information loss occurring on L 4 is taken as an example for simulation analysis, and the results of the simulation compared with the case where the sampling points are not lost are shown in Table 11 to Table 14 . Among them, Table 11 is the comparative analysis result that considers only the single information loss of the initial current travelling wave peak phasor value of L 4 . Table 12 is the comparative analysis result regarding the random loss of 2, 4, 6 and 8 sampling data points of the initial current traveling wave information of L 4 when an internal fault occurs on the busbar. Table 13 shows the protection algorithm test results regarding a random loss of 2, 4, 6 and 8 sampling data of the initial current traveling wave information of L 4 when an external fault occurs on L 4 . Table 14 shows the test results of the protection algorithm when the sampling points of the faulted line L 2 are lost when a fault occurs on L 4 . The peak points included in the sampling points are randomly lost. To fully verify the reliability of the algorithm, the sampling points near the peaks are selected with the random loss of sampling points in the simulations in Table 12 and Table 14 . Considering some serious situations, as shown in Fig. 7 , this paper chooses to randomly lose 2, 4, 6 and 8 sampled data between the 5th and 15th sampling points.
An analysis of Tables 11 through 13 reveals that the algorithm proposed in this paper causes a decrease in the actuating quantity P cd and an increase in the braking quantity P cz when the sampling point data is lost. The ratio λ decreases in this case, but λ > K. When an external fault occurs on the busbar, the data from the faulty line sampling point are lost, leading to an increase in the actuating quantity P cd and a decrease in the braking quantity P cz . The ratio λ increases in this case, and λ < K. An analysis of Table 14 reveals that when the sampling point of the nonfaulty line is lost when an external fault occurs, with increased number of lost sampling points, the actuating quantity P cd increases and the braking quantity P cz essentially remains the same. According to the theoretical analysis and simulation results, the proposed algorithm is essentially not susceptible to data loss of sampling points and can reliably identify fault locations.
B. ANALYSIS OF NOISE IMPACT
To verify the reliability of the algorithm under the influence of noise, a simulation verification is conducted, as reported in Table 15 . The simulation condition is to add noise signals to the busbar voltage and the associated branch current signals, where the signal-to-noise ratios (SNRs) are 30-70 dB. Fig. 8 and Fig. 9 show the waveforms of the voltage and current traveling waves when an internal fault occurs on the busbar, and Fig. 10 and Fig. 11 show the waveforms of the voltage and current traveling waves when an external fault occurs on the busbar.
The simulation results in Table 15 indicate that when an internal busbar fault occurs, P cd decreases, P cz increases, and λ decreases gradually with decreased signal-to-noise ratio (SNR), but all satisfy criterion (27). Thus, we can arrive at the conclusion that an internal fault occurs. When an external busbar fault occurs, with decreased SNR, P cd increases, P cz decreases, and the ratio λ increases gradually, but not all of them meet criterion (27). Thus, we can arrive at the conclusion that an external fault occurs. When the SNR is 30 dB, the criterion can also reliably identify internal and external busbar faults. That is, the proposed algorithm is less susceptible to noise. Because the S-transform has a certain time-frequency filtering and denoising function [22] , combined with Fig. 8 through Fig. 11 , it can be concluded that with the implementation of the S-transform, the voltage and current waveforms are less susceptible to noise.
C. ANALYSIS OF ANTI-CT SATURATION CAPACITY
The criterion of the conventional phasor differential busbar protection is formed by calculating the virtual value or average value of the actuating quantity and the braking quantity. In the steady state processes, the characteristic of protective braking does not change with the motions of the sampling data window. However, phase-based differential protection also has the following deficiencies [20] :
(1) CT saturation is one of the reasons that causes an incorrect operation of the conventional phasor differential busbar protection. When the CT introduced into the differential circuit is seriously saturated, a large virtual value of the differential current will be generated, and a differential protection malfunction may occur. (2) For the phasor-based busbar differential protection, the calculation of the phasor requires a certain data window, and the tripping operation can only take place after a cycle, which indicates that the action time is slightly slower if a serious internal fault occur. To verify the anti-CT saturation performance of the proposed algorithm, a simulation analysis of the CT saturation when internal and external faults on the busbar occur is conducted (taking CT saturation on L 4 as an example). The CT saturation simulation model uses a nonlinear time-domain equivalent circuit model with excellent timefrequency characteristics [22] . The simulation results are reported in Table 16 .
It can be concluded from the analysis of the simulation results that when an external fault occurs on the busbar, CT saturation is reached, and the ratio is less than the threshold K; thus, it can be reliably identified as an external fault. When an internal fault occurs on the busbar, L 4 reaches CT saturation, and the ratio is greater than K; thus, it is reliably identified as an internal fault. Therefore, the proposed algorithm is essentially not susceptible to CT saturation and can reliably identify fault location.
D. ANALYSIS OF THE OPERATION SPEED
The operation of the busbar protection algorithm based on the initial traveling wave integrated active power is mainly embodied in the Clarke phase-mode transformation and the S-transform. 1) The number of multiplication operations for the implementation of the voltage and current phase transformation is 9 × 2 = 18.
2) The amount of computations of the S-transform is usually large. For an N-point discrete signal, the number of multiplication operations for the implementation of the S-transform is approximately N 2 log 2 N + N 2 [23] The original signal length selected by the algorithm in this chapter is 20 (0.1 ms data window, sampling frequency 200 kHz), and the number of multiplication operations for the implementation of the S-transform is approximately 2129. The number of multiplication operations for the implementation of the S-transform on the voltage and the associated transmission line current is 2129 × 2 = 4258. Therefore, the number of multiplication operations that the algorithm requires is approximately 4276 and a small amount of accumulation is also needed. The fast DSP chip can quickly complete the above operation, taking the DS1003 based on TMS320C40 as an example [24] , and the above operation will be completed within 0.5 ms. If a higherfrequency DSP processor is applied, the speed of operation will be faster.
Currently, a full-cycle or half-cycle Fourier algorithm is widely applied in relay protection for phasor calculation, and the operation speed depends on the number of operands of the algorithm and the required data window length. When sampling N points in each power frequency cycle, the number of multiplications and additions for the implementation of a full-cycle Fourier algorithm to compute a phasor is 2N, while the number of multiplication and addition operations for the implementation of the half-cycle Fourier algorithm is N. When the sampling frequency is 1600 Hz (32 sampling points), the number of multiplications and additions for the implementation of a full-cycle Fourier algorithm to compute a phasor is 64, and the number of multiplication and addition operations for the implementation of a half-cycle Fourier algorithm to compute a phasor is 32. The number of multiplication and addition operations of the two calculations is much less than that of the algorithm mentioned above.
In terms of the data window length, to ensure the accuracy of the calculation, a data window of 20 ms is required for the full-cycle Fourier algorithm, whereas a data window of 10 ms is required for the half-cycle Fourier algorithm. Both data windows mentioned above are much longer than the proposed algorithm. In summary, although the proposed method is computationally intensive, a DSP can be used to complete the operation in 0.5 ms, and the required data window length is 0.1 ms, which greatly shortens the data window length compared with the traditional busbar protection algorithm. The proposed algorithm offers a higher-speed response time than that of the traditional busbar protection algorithm.
Based on the above analysis, the difficulties of the proposed algorithm include acquisition of a high frequency voltage traveling wave signal, extraction of a weak fault traveling wave signal (single-phase fault with a voltage close to zero), and processing the interference signal.
Because the traditional capacitive voltage transformer cannot transmit a transient high-frequency signal, the acquisition of the high frequency voltage transient signal can be obtained via an OVT or EVT. When dealing with a weak fault traveling wave signal, the algorithm calculates the traveling wave power by using the information of the voltage and current after the S-transform, which overcomes the weak fault traveling wave to a certain extent. The simulation results demonstrate that the algorithm is not affected by the initial angle of small faults. When a single-phase grounding fault occurs at the absolute zero-crossing time of a certain phase voltage, the fault cannot be described by a ''sudden change'' in the traveling wave because there is no traveling wave at this time, so the protection may not operate. Although this absolute situation almost never occurs in reality, it is still required to take measures against this situation, such as blocking busbar protection and using backup protection.
VII. CONCLUSION
In this paper, a new principle of differential busbar protection based on the initial traveling wave synthesis active power is presented. Since most traveling wave protection only uses the traveling wave head information, the reliability of the protection algorithm is insufficient when the traveling wave head amplitude is small or the sample data are lost. The new principle calculates the initial traveling wave active power of 20 sampling points within 0.1 ms after the fault based on the S-transform. On this basis, the active power action and braking quantity are further defined, and the principle of the busbar protection with the characteristic braking ratio is established. Busbar fault identification is conducted by analyzing the ratio relationship between the active power action and braking. The theoretical derivation and simulation results reveal the following:
1) The algorithm uses an S-transform to obtain the initial traveling wave active power of a single frequency and identifies the internal and external faults of busbars by analyzing and synthesizing the ratio of the active power action and braking. It not only solves the problems of a long operation time and weak anti-CT saturation ability of traditional power frequency protection but also overcomes the problem of a low reliability of the criterion caused by the traditional traveling wave protection using only the traveling wave head information by acquiring information of multiple sampling points. Additionally, it has a certain anti-noise ability. The algorithm is less affected by transition resistance, the initial angle of the fault and other factors, it can correctly identify internal and external faults in the busbar area, and it has strong anti-interference ability.
2) The algorithm combines the active power and differential protection principle and establishes busbar protection criterion with a characteristic braking ratio. The introduction of the active power makes the algorithm more reliable than the traditional traveling wave protection, which only uses traveling wave head information to establish the protection criterion. At the same time, the establishment of the characteristic braking ratio criterion gives the busbar protection algorithm better sensitivity and braking characteristics.
